Background: Venous blood gas (VBG) is frequently used in the neonatal unit as alternative for capillary blood gas (CBG). However, studies reporting correlation are conflicting and data on interchangeability in neonates are lacking.
FigUre 1 | Recruitment of patients enrolled in the blood gas study.
complications could occur (2) . As an alternative for ABG, capillary blood gas (CBG) is accepted (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
According to our recent survey, most neonatologists use venous blood gas (VBG) as an alternative for CBG (14) , as venous blood is frequent available due to venepuncture or insertion of intravascular access. Studies performed in pediatric patients demonstrated a good correlation between ABG, CBG, and VBG, which is not a surprising finding (4) (5) (6) (7) (15) (16) (17) (18) . However, to know whether using VBG for blood gas monitoring is a good alternative for CBG, interchangeability would need to be tested. A Bland Altman analysis would then be the best method to test interchangeability (18) . In pediatric patients, small studies demonstrated a good correlation and interchangeability in pH, base excess, and bicarbonate (HCO3 − ) between CBG and VBG, but the results in pCO2 were conflicting (6) (7) (8) (9) 15) . However, in neonates there are very little data available in the use of VBG as alternative for CBG and the interchangeability has never been quantified. Mc Gillivray showed that clinical decision making was not different when venous or CBG is used (18) .
To test the hypothesis that VBG is a good substitute for CBG monitoring for metabolic state, oxygenation, and gas exchange, we determined the correlation and interchangeability between VBG and CBG in neonates admitted to our NICU.
MaTerials anD MeThODs
A prospective single center measurement method comparison study was performed from February 2013 until July 2015 in the tertiary NICU in Leiden University Medical Center (Netherlands). All patients needing blood gas analysis, were eligible and parents were asked for informed consent by a member of the medical staff. No incentives were offered (see Figure 1) . VBG and CBG were simultaneously withdrawn in neonates, when a venous puncture was performed or intravenous access was inserted, and blood gas monitoring was indicated. All punctures were performed by two caregivers and executed under optimal circumstances; oral sucrose (0.1 ml sucrose 24%) was given prior to puncture and during the procedure comfort was given by the nurse. To minimize the burden per patient, we limited the amount of blood gases per patient to a maximum of 3 paired samples. CBG was withdrawn according to local protocol, without squeezing, from the lateral/medial heel or finger. We used for preterm under 1,500 g a One-step safety lance green (1.8 mm)/BD microtainer Quickheel lancet (0.8 mm depth), and for preterm >1,500 g a One-step safety lance blue (2.3 mm)/BD microtainer Quickheel lancet (1 mm depth). The heel lances are only performed at the lateral or medial part of the heel, never at the center, conform the suggestions of Noureldein et al. (19) . The temperature, color and capillary refill time of the limb and crying of the neonate at the time of the blood sampling was noted. We also recorded some patients' characteristics (blood pressure, respiratory support, and inotropic use). A blood gas sample of 60 µl of blood was collected in Siemens healthcare diagnostic pre-heparinized capillary tubes containing 130-200 IU heparin/ ml. The collected blood gases were analyzed within 5 min using a Siemens Rapidlab 860 analyzer without co-oximetry available in the nursery.
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statistics A Pearson correlation and intraclass coefficient (two-way mixed and absolute agreement) of the different parts of the blood gases were calculated. To determine interchangeability, a Bland-Altman analysis was performed, based on the 95% limits of agreement (LoA), estimated by mean difference (bias) ±2 SD of the differences, that provides a 95% confidence interval of the differences between VBG and CBG are expected to lie. Clinically acceptable difference for each blood gas value was defined up-front by means of an absolute difference: pH (±0.05), pCO2 (±0.66 kPa = 5 mmHg), pO2 (± 0.66 kPa = 5 mmHg), BE (±3 mmol/l/), and bicarbonate (±3 mmol/l), based on bias of reference values of infant's blood gas (11, 20) and former studies (5, 6, 17) . The oxygen saturation of our blood gasses are estimated values, not measured by cooximetry, and was not included in our analyses. All values were checked for normal distribution, proportional bias, and systemic bias, for which a correction was performed when needed. All statistical analysis were performed using IBM SPSS Statistics, version 20.0 and using a significance level of α = 0.05. We used two-sample non-inferiority or superiority calculator to compare two means, using type error rate of α = 5% and power of 80%. The non-inferiority or superiority margin was defined equally to our clinical acceptable difference. For sample size, 158 paired samples was needed, which was based on capillary and VBGs reference values for pCO2 [capillary mean (SD) pCO2 5.83 (1.4) kPa, venous mean (SD) pCO2 5.99 (1.4) kPa] (10). In order to evaluate whether patients characteristics or conditions when blood samples were taken influenced the interchangeability of pCO2, we performed a Mann-Whitney U test, a chi square test, and a mean independent-test where appropriate.
resUlTs
In total, 193 paired samples of VBG and CBG of 93 neonates were analyzed (patient characteristics: Table 1 ). The extremities FigUre 2 | Bland-Altman plots of pH, pCO2, pO2, bicarbonate, and BE of venous blood gas (VBG) and capillary blood gas (CBG). Legend of the Bland-Altman plots: X = mean of pH, pCO2 (kpa), pO2 (kpa), bicarbonate (mmol/1), or BE (mmol/1), Y = difference of the parameter of pH, pCO2 (kpa), pO2 (kpa), bicarbonate (mmol/1), or BE (mmol/1), red dots = measurement of each paired sample of VBG and CBG, solid black line = 95% confidence interval limits, and dotted line = clinical acceptable absolute difference.
were well circulated when the sample was taken in 181/193 (94%) samples and neonates were crying during 30/193 (16%) samples. The VBG and CBG was significant and very strong positively correlated for pH (r = 0.79), BE (r = 0.90), and bicarbonate (r = 0.87), strong positively correlated for pCO2 (r = 0.68) and weak positively correlated for pO2 (r = 0.31) ( Table 2) . The intraclass coefficient for average measures between VBG and CBG had an almost perfect agreement for pH [intraclass coefficient correlation (ICC) = 0.87], for PCO2 (ICC = 0.802); BE (ICC = 0.946), bicarbonate (ICC = 0.928) and fair agreement for pO2 (ICC = 0.364) ( Table 2 9 kPa [−4.1, 3.3]) .
From all components of the blood gases, the 95% LoA were not within the range of our clinical acceptable absolute difference (Table 2; Figure 2) . The percentage of values within our acceptable absolute difference was for pH 88%, pCO2 72%, pO2 55%, BE 90%, and bicarbonate 94% ( Table 2) . Analysis of patients characteristics and conditions when blood samples were taken and showed that only crying was significantly higher in the group with pCO2 outside when compared to the group within the acceptable difference for pCO2; 25 vs. 11%; P = 0.02.
DiscUssiOn
Our study added a very strong linear correlation of pH, pCO2, BE, and bicarbonate, with an almost perfect agreement based on ICC correlation between VBG and CBG, except for pO2. In addition, the components of VBG were interchangeable with CBG for the majority of the samples, except for pO2. This implies that VBGs can be used to monitor gas exchange and metabolic state of neonates. Separately CBG should be limited to the minimum, especially now recent study added the safety concerns of CBG in neonates (10, 19) . For evaluating oxygenation, ABGs are already considered golden standard.
The correlation of pH, pO2, BE, and bicarbonate between VBG and CBG was comparable to previous studies in neonates and pediatric patients (4, 6, (15) (16) (17) . By contrast, while we observed a good correlation of pCO2 between VBG and CBG, this correlation varied between studies (4, 6, 15, 16, 21). Some studies described that correlation and agreement of pCO2 is poor in very sick pediatric patients (6, 15) . Bilan et al. recognized a good validity and clinical agreement based on kappa statistics for acid-base imbalance (pH, pCO2, BE) for most intensive care pediatric and neonatal patients but not when there was congestive heart failure or shock (15) . Neonates with shock were not included in our study as most of these had an arterial catheter inserted for monitoring.
We reported a high degree of interchangeability for the different components of blood gas. The venous pH, BE, and bicarbonate were for more than 88% interchangeable and therefore a reliable substitute for CBG, similar to previous results of pediatric and adults studies (4, 6, 17, 22, 23) . However, the interchangeability of pCO2 (72%) was lower in our study when compared to the 90% in pediatric and adults studies (4, 17, 23) . It is difficult to explain this difference in pCO2 while the other parts of the measurements were similar. Perhaps technical errors (e.g., air bubbles) could have occurred, as this has more influence on the pCO2 than on the metabolic component. Tachypnea due to pain and discomfort during venepuncture could also have influenced the pCO2, as a large proportion of our cohort was not sedated, while most children and adults in the other studies were probably sedated. Sampling from a venous central line (4, 22, 23) is painless and creates a more constant circumstance. Indeed, our analysis demonstrated a significantly higher percentage crying in the patient group with pCO2 outside the clinical acceptable difference. It is also possible that the puncture was more difficult in a crying and uncomfortable neonate, and increased the chance for technical errors. For analysis, we assumed that all samples per individual were independent separate measurements as they were taken spread in time at three different moments during the NICU admission and not performed subsequently after each other (24).
The good correlation of pCO2 and not for pO2 can be explained by the oxygen-hemoglobin dissociation curve and carbon oxide equilibrium curve. A previous study in adults reported that pO2 differ more in arterial, capillary and venous values than pCO2 (18) . This can be explained by the S-shaped oxygen-hemoglobin dissociation curve, where different types of blood samples are reflected in different regions of the curve: venous blood in the steep region, whereas arterial blood in the plateau region. Therefore, a slight change affects the pO2 more in venous blood compared to arterial or arterialized capillary blood. In contrast to pO2, pCO2 is described in a linear carbon dioxide equilibrium curve for both arterial as venous blood. The carrying capacity of blood CO2 is much greater than for O2, and blood can load and unload large amounts of CO2 with small difference in gas tension, for the regulation of gas exchange and acid-base balance (18) . Therefore, the observed pCO2 values between arterialized capillary and venous are comparable, and the pO2 not.
cOnclUsiOn
Our findings support the use of VBG in neonates for metabolic evaluation and monitoring gas exchange, but not for monitoring oxygenation. In most occasions, the blood gasses are interchangeable; therefore when a venepuncture is performed, a VBG can be withdrawn simultaneously to limit the burden for patient.
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